We report the spontaneous transformation of highly hydrated crystalline ikaite into less hydrated amorphous calcium carbonate (ACC), which has the outer contours of micrometer-sized crystals, a multi-level interconnected porous structure and a very high specific surface area (98.3 cm 2 g −1 ). 4 Here, we report that the opposite transformation from a crystalline calcium carbonate phase into ACC can also happen spontaneously. Solid state amorphization, a process where a crystalline phase transforms into an amorphous state, may happen through a large input of energy necessary for such an energetically "uphill" conversion of structures. A typical example is mechanical grinding of crystalline materials, which may lead to amorphous materials via generation of localized heating followed by quenching, via an increase in disorder or massive creation of defects. . The SEM images of ACC (d) and a sample during transformation (∼2400 s, ACC + ikaite) (e).
According to the well-known Ostwald rule, 1 thermodynamically less stable phases appearing first in a precipitate from solution further transform into more stable phases until the most stable crystalline phase is formed. In general, amorphous materials as the most unstable solid states would typically transform into more stable crystalline phases. 2, 3 In the case of calcium carbonate, for example, amorphous calcium carbonate (ACC) has been widely observed as a transient precursor for the formation of crystalline calcium carbonate biominerals. 4 Here, we report that the opposite transformation from a crystalline calcium carbonate phase into ACC can also happen spontaneously. Solid state amorphization, a process where a crystalline phase transforms into an amorphous state, may happen through a large input of energy necessary for such an energetically "uphill" conversion of structures. A typical example is mechanical grinding of crystalline materials, which may lead to amorphous materials via generation of localized heating followed by quenching, via an increase in disorder or massive creation of defects. 5, 6 It can also be caused by hydrogenation of intermetallics where hydrogen atoms in crystalline phases are less energetically favourable. 7 In addition, dehydration of crystalline hydrates has been demonstrated as a route to the amorphous state of several organic solids 5 or copper sulphate pentahydrate. 8 Finally, crystalline coordination networks or highly porous metal-organic frameworks become amorphous upon losing constitutional solvent molecules. 9, 10 Ikaite is a highly hydrated crystalline calcium carbonate phase (CaCO 3 ·6H 2 O) containing discrete CaCO 3 ion pairs each surrounded by an envelope of 18 water molecules. 11 The neighbouring ion pairs are linked by hydrogen bonds only, which are temperature sensitive. 12 Therefore, ikaite is only stable at temperatures below 5°C and in the natural environment it is only found in cold seawater, deep-sea sediment, Fig. 1 (a) The evolution of pH and calcium activity (indicated by the measured potential from a calcium electrode) of the reaction solution.
(b) The FTIR spectra of ACC and ikaite measured directly after filtration. (c) The TGA curves of ACC and ikaite where the temperature was maintained at 20°C for 25 min before they were heated to 300°C at a rate of 1.5°C min and cold spring water where the temperature is near 0°C. 13, 14 At elevated temperatures, it usually transforms into thermodynamically more stable calcite or vaterite, with the characteristic shape of ikaite preserved. 15, 16 However, the mechanism that governs these transformation processes is not clear. In this study, we aim at understanding the mechanisms for the unusual transformation of crystalline ikaite to ACC. We find that ikaite can first be obtained by the transformation of ACC with more than 6 H 2 O per CaCO 3 in solution at 2°C. More interestingly, we find that fast dehydration of this crystalline ikaite can induce its subsequent transformation into less hydrated ACC with a multi-level interconnected porous structure with a high specific surface area. Our findings show that a hydrated crystal can be converted into an amorphous solid just by sufficiently fast removal of water.
Using the procedure described in a previous study, 17 the formation of ACC and its transformation into ikaite are investigated by adding 0.5 mL 1 M CaCl 2 solution into 49.5 mL 20.2 mM Na 2 CO 3 solution at 2°C under stirring. In situ pH and calcium activity measurements (Fig. 1a) suggest that ACC precipitates immediately after the addition of CaCl 2 solution at 120 s and it remains stable in the mother solution for ∼2000 s before it transforms into crystalline calcium carbonate with lower solubility. 17 Samples are collected at different stages of the reaction by vacuum filtration of the solution and washing with ethanol to remove the surface water. The infrared spectra of the samples (Fig. 1b) confirm that the initial precipitate is amorphous and show that the one after crystallization is pure ikaite, which is further confirmed by XRD and Raman analysis (Fig. S1 †) . The similar relative intensities of the peaks corresponding to the OH stretching at 3320 cm −1 and the H 2 O bending at 1646 cm −1 for the assynthesized ACC and ikaite suggest that both samples contain similar amounts of water. The water contents are determined by performing thermogravimetric analysis (TGA), where the sample is first maintained at 20°C under a nitrogen flow (20 mL min −1 ) for 25 min and then heated at a rate of 1.5°C min −1 . As shown in Fig. 1c , both samples dehydrate quickly even at 20°C, and the average weight loss after 300°C is 52.7 ± 2.0% for the as-synthesized ACC and 50.4 ± 1.6% for ikaite, corresponding to a composition of CaCO 3 ·6.2H 2 O and CaCO 3 ·5.6H 2 O, respectively. Within the experimental error, the water content of ikaite corresponds to the known value of 6 H 2 O molecules per CaCO 3 .
11 Interestingly, the wa- high mobility of water in the structure of ACC where the majority of water can be easily removed at room temperature under vacuum.
To understand how ACC transforms into ikaite, the morphology of samples during transformation was investigated. The scanning electron microscopy (SEM) images show that the ACC nanoparticles (Fig. 1d ) are spherical in shape with an average diameter of 69 ± 27 nm. For the sample taken during transformation (Fig. 1e) , there are many nanoparticles less than 30 nm attaching onto the surface of large ikaite crystals. These nanoparticles are clearly much smaller than the ACC precursor, suggesting that the ACC precursor is only partially dissolved and decomposed into these smaller nanoparticles. Afterwards, these nanoparticles attach onto the surface of ikaite crystals and seem to transform into ikaite via local dissolution-recrystallization. This phenomenon is similar to the transformation process from ACC to vaterite and calcite in a pure system, as observed in a previous study. 17 It is well known that ikaite is very unstable at room temperature and can easily transform into vaterite or calcite. 15, 16 However, surprisingly, here we found that ikaite can easily transform into ACC in air with low humidity or under vacuum.
The transformation of ikaite in air was measured in situ by XRD (Fig. 2a) , which shows that the intensity of the sharp Bragg diffraction peaks of ikaite gradually decreases with time and finally only two broad humps corresponding to ACC could be observed. The transformation under vacuum was investigated by infrared spectroscopy (Fig. 2b) , which shows that the peak corresponding to the out-of-plane bending mode ν 2 of the carbonate group shifts from 872 cm −1 to 862 cm −1 and becomes sharper, while the in-plane bending mode ν 4 of the carbonate group at 671 cm −1 shifts to a higher wavenumber at 694 cm −1 and becomes broader, confirming the transformation from ikaite to ACC without any other crystalline phases. Interestingly, while the asymmetric stretching mode ν 3 of the carbonate group gradually evolves into a shape corresponding to ACC with two splitting peaks, the position of the main peak remains at 1392 cm −1 , which is significantly lower than the typical values for both synthetic (Fig. S3 †) and biogenic ACC samples (between 1406 and 1417 cm −1 ). 17, 18 This suggests that the local atomic structure of this ACC is different from the ACC formed from solution. 24 the volume fraction corresponding to the loss of water should be ∼58%. However, the SEM image (Fig. 3c ) of ACC shows that the external shape of ikaite crystals is preserved, but there are many cracks on the surface, suggesting that ACC is highly porous. To understand the transformation process, the nanostructure of ACC was further investigated by focused ion beam/scanning electron microscopy (FIB/SEM). Interestingly, results show that ACC is composed of a huge amount of pores and channels hundreds of nanometers in size ( Fig. 3d and S4 and Video S1 †), which are interconnected and also connected to the cracks observed on the surface. However, the volume fraction of the pores and channels estimated from the analysis of the image stacks is only ∼26%, suggesting the existence of even smaller pores. To investigate this further, the sample was also measured by nitrogen adsorption and the data were analysed with the BrunauerEmmett-Teller (BET) method ( Fig. 3a and b) . The analysis shows an isotherm with a high sorption capacity at a relative pressure (P/P 0 ) of ∼0.5, revealing the presence of abundant mesopores, which are characterized by a specific surface area of 98.3 m 2 g −1 and an average pore diameter of 3.96 nm. The cumulative pore volume is 0.10 cm 3 g −1 , corresponding to a volume fraction of ∼24%. Thus, the volume fraction of all the pores is ∼50%, which fits quite well to the theoretical value by assuming that all these pores are caused by the loss of water during transformation.
To describe the dynamics of dehydration and phase transformation of ikaite under heating, TGA/DSC and in situ SAXS and WAXS analyses were performed at a heating rate of 3°C min −1 . To avoid water-induced crystallization of calcite or vaterite on the surface of ikaite crystals, the N 2 flow was set at 200 ml min −1 for TGA/DSC measurement and 1 L min
for WAXS/SAXS analysis to remove water as fast as possible. The TGA/DSC curves (Fig. 4a) show a strong endothermic peak at 65°C with more than 80% total weight loss, which is followed by an exothermic peak at 127°C and a second stage of weight loss. Correspondingly, the WAXS patterns (Fig. 4b) show that the crystal structure of ikaite is maintained until being heated to ∼55°C, and then ikaite quickly transforms into ACC. ACC remains stable until ∼130°C and gradually transforms into a mixture of calcite and vaterite, instead of only calcite, as observed in previous studies. 17, 25 After 350°C, the intensity of the vaterite peaks slightly decreases, suggesting that vaterite further transforms into calcite. Correspondingly, a strong SAXS signal with a sharp peak at q = 0.8 nm −1 (7.8 nm in real space) and a broad hump at q = 2.0 nm −1 (3.1 nm in real space) appears after the decomposition of ikaite (Fig. 4c and S5a †). The intensity of the two peaks further increases upon increasing the temperature to 75°C, while the sample remains amorphous, suggesting the formation of additional pores. During the crystallization of ACC into vaterite and calcite, the intensity of both peaks decreases very quickly. In addition, according to the linear fitting of the Porod plot (Fig. S5b †) , the internal surface area increases quickly during the decomposition of ikaite and then slowly decreases during further crystallization of ACC. Based on the above analysis, a clear picture of how ikaite transforms into ACC can be deduced. It is known that crystalline ikaite consists of discrete CaCO 3 ion pairs separated by water molecules and these ion pairs are joined by hydrogen bonds only, which are the only forces enabling ikaite to maintain its crystallinity. 13, 26, 27 As ikaite dehydrates spontaneously at room temperature, 28 the rapid removal of water molecules results in the breakdown of hydrogen bonds, and the crystalline structure collapses to form an amorphous solid because the separated CaCO 3 units cannot easily rearrange themselves into a more stable crystalline phase in the solid-state. While such behaviour is known for metal-organic frameworks, 9, 10 it is interesting to see that it may also occur for simple ionic compounds. However, if the dehydration process is not fast enough, heterogeneous nucleation of calcite or vaterite occurs. Previous studies have shown that moisture on the surface of ikaite accelerates its transformation to calcite at cool temperature (13°C) and rapid transformation to vaterite is favoured at room temperature. 13 This suggests that kinetic factors such as temperature and the presence of water are critical in controlling the phase transformation of ikaite. Therefore, when ikaite crystals are washed with ethanol and exposed to air with low humidity, water adsorption on the surface is significantly inhibited and heterogeneous nucleation of calcite or vaterite is prevented. Recently, Dieckmann et al. 29 accidentally found the decomposition of ikaite crystals into ACC when they mistakenly stored the crystals in absolute ethanol (>99.9%), rather than in 50% ethanol. Apparently, this is also because of the rapid dehydration of ikaite in pure ethanol. Therefore, our results demonstrate that the rapid dehydration of ikaite promotes its transformation into ACC and the formation of nanocavities within the solid while the crystal shape of ikaite is preserved. This is very interesting because ACC usually forms spherical particles, whereby here we show that such a solid-state amorphization process can produce ACC resembling the precursor ikaite particles and may be used in the future to control the size and morphology of ACC deposits. To summarize, here we discovered that ACC with ∼6.2 H 2 O per CaCO 3 can be synthesized at 2°C and it transforms into ikaite via a partial dissolution-recrystallization process. More importantly, we found that ikaite can easily transform into ACC when the dehydration kinetics is fast enough to prevent the nucleation of more stable crystalline phases. Our study also provides another possibility for the transformation of ikaite to glendonite, where ikaite first decomposes into ACC and this metastable short-lived intermediate acts as the precursor for the formation of calcite. Moreover, the obtained ACC has a very high specific surface area and a multi-level porous structure, which could have many potential applications such as in drug delivery, 30 wastewater treatment, 31 etc.
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